The Focused Isoprene eXperiment at the California Institute of Technology (FIXCIT) was a 2 collaborative atmospheric chamber campaign that occurred during January 2014. FIXCIT is the 3
Introduction 1

Background 2
Biogenically-produced isoprenoids (hydrocarbons comprised of C 5 H 8 units) have global 3 emission rates to the atmosphere surpassing those of anthropogenic hydrocarbons and methane 4 (Guenther et al., 1995; Guenther et al., 2012) . The biogenic carbon emission flux is dominated 5 by isoprene (C 5 H 8 ) and monoterpenes (C 10 H 16 ), which account for approximately 50% and 30% 6 of the OH reactivity over land, respectively (Fuentes et al., 2000) . Further, it has been suggested 7 that the atmospheric oxidation of isoprene, in particular, can buffer the oxidative capacity of 8 forested regions by maintaining levels of the hydroxyl radical (OH) under lower nitric oxide 9 (NO) conditions (Lelieveld et al., 2008) . Due to their large abundances, isoprene and 10 monoterpenes also dominate the global budget of secondary organic aerosol (SOA) (Henze et al., 11 2008 ). Thus, the accurate representation of detailed chemistry for isoprene and monoterpene is 12 necessary for meaningful simulations of atmospheric HO x (OH + HO 2 ) , NO x (NO + NO 2 ), 13 surface ozone (O 3 ), trace gas lifetimes, and SOA. 14 Unsaturated hydrocarbons like isoprene and monoterpenes are primarily oxidized by OH, 15 O 3 , and the nitrate (NO 3 ) radical in the atmosphere. OH-oxidation is the dominant fate for 16 isoprene but O 3 and NO 3 oxidation can dominate reactivity for monoterpenes and sesquiterpenes. 17 Our understanding of the OH-initiated isoprene oxidation mechanism has significantly improved 18 during the last decade, following the first suggestion of the capacity of isoprene to produce SOA 19 (Claeys et al., 2004) isoprene and other biogenic hydrocarbons. However, the scientific understanding of these 23 biogenic oxidation mechanisms is far from complete. It is outside the scope of this overview to 1 describe comprehensively the isoprene and monoterpene oxidation mechanisms. Rather, we 2 provide a brief background of the oxidation of biogenic hydrocarbons, which includes a "state-3 of-the-science" knowledge, to motivate the study. The mechanisms described here are illustrated 4 in Scheme 1. 5
OH oxidation: OH predominantly adds to either of the double bonds of isoprene, 6
followed by the reversible addition of O 2 (Peeters et al., 2009 ) to produce several isomers of 7 alkylperoxyl radicals (RO 2 ). In the atmosphere, these RO 2 react mainly with HO 2 and NO to form 8 stable products, although self-reaction can be non-negligible under certain conditions. The stable 9 products are often termed oxidized volatile organic compounds (OVOCs). In urban-influenced 10 areas, the "high-NO" pathway is more important and in more pristine environments, the "low-11 NO" or HO 2 -dominated pathway is more important. The high-NO pathway generates isoprene 12 hydroxy nitrates (ISOPN) that act as reservoirs for NO x , as well as other products such as methyl 13 vinyl ketone (MVK), methacrolein (MAC), and hydroxyacetone (HAC) (Paulot et al., 2009a) . 14 For conditions with sufficiently high NO 2 -to-NO ratios, as is mainly the case in the atmospheric 15 boundary layer outside of cities, methacryloyl peroxynitrate (MPAN) is formed from the 16 photooxidation of MAC. Further oxidation of MPAN can generate SOA (Chan et al., 2010, 17 Surratt et al., 2010). The low-NO pathway generates isoprene hydroxy hydroperoxides 18 (ISOPOOH) in almost quantitative yields, and further OH-oxidation of ISOPOOH produces the 19 epoxydiols in an OH-conserving mechanism (Paulot et al., 2009b) . In unpolluted atmospheres, 20 when the RO 2 lifetimes are sufficiently long (~ 100 s in a forest), isomerization of the RO 2 21 followed by reaction with O 2 becomes an important fate, producing the isoprene hydroperoxy 22 aldehydes (HPALDs) and other products (Peeters et al., 2009; Crounse et al., 2011) . These RO 2 within a one-month period in January 2014. The facility contains several in-house gas-andaerosol-phase instruments and an 8 x 5 m insulated enclosure, housing two side-by-side Teflon 1 atmospheric chambers that are suspended from the ceiling. The chambers were manufactured 2 from Fluorinated Ethylene Propylene (FEP) Teflon. The chamber volume was measured 3 regularly by quantitative transfer of highly-volatile organics such as isoprene by an externally 4 calibrated GC-FID. Quantitative transfer was checked via injections of a measured quantity of 5 isoprene (checked by gravimetric, volumetric, and FT-IR methods) into a pillow bag with known 6 volume by timing a calibrated mass flow of air into the pillow bag. For most experiments, the 7 chamber volume was between 23 -24 m 3 . The spatial configuration of instruments in the 8 chamber facility during FIXCIT is shown in Fig. 1 . The instruments, contributors, and 9 identifying abbreviations used in this work are described in Table 1 . A total of 320 UV black 10 lamps (broadband λ max ~ 350 nm) are mounted on the walls of the enclosure. The lamps are 11 located behind Teflon films so that the heat produced from the operation of the lamps can be 12 removed by recirculating cool air. The interior of the enclosure is covered with reflective 13 aluminum sheets. Light intensities can be tuned to 100 %, 50 %, 10 %, and 1 %. J NO2 was 14 measured to be 7 x 10 -3 s -1 at 100 % light intensity. Light fluxes at several locations within the 15 chamber (e.g., center, corner, right, left, high, low) did not vary more than 15%. Temperature 16 controls in the chamber enclosure are tunable from 10 -50 °C (typically set at 25°C) and did not 17 fluctuate more than 1°C except during periods when the temperature was explicitly changed or 18 during a 30 minute period immediately following a change in the light intensities (up to 2 °C 19 increase was observed from switching on 100 % lights.) 20
The chamber experiments were operated in batch mode throughout the campaign. 21
Temperature and RH were monitored continuously inside the chamber by a Vaisala HMM211 22 probe calibrated with saturated salt solutions in the RH range of 11 -95%. In the range RH < 23 11%, water vapor measurements were provided by the TripCIMS. The chambers were flushed at 1 least 24 h before each use with ultra-purified air (purified in-house via a series of molecular 2 sieves, activated carbon, Purafil™ media, and particulate filters), at elevated temperature when 3 needed (~ 40 °C), so that the backgrounds on gas-and particle-phase instrumentation are at 4 baseline levels. As a reference, NO levels before each run were typically < 100 pptv (from NO-5 CL measurements) and particle concentrations were < 0.01 μg m -3 . Flushing rates, as balanced 6 by exhaust rates, were typically 250 std. L min -1 (SLM) or ~ 0.6 chamber volumes per hour. 7
Chambers were mixed on the timescale of minutes by injecting high-pressure pulses of air during 8 the beginning of experiments. 9
Chamber 1 was reserved for low-NO experiments, so that the walls did not contact 10 elevated levels of nitric acid and organic nitrates during the lifetime of the chamber, while 11
Chamber 2 was reserved for moderate-to-high-NO experiments. Experiments were carried out 12 daily in alternating chambers to allow for the full flushing period of the previously-used 13 chamber. Each chamber was characterized separately prior to the campaign for vapor and 14 particle wall loss rates. Typically, wall loss rates for gas-phase species are slightly higher in the 15 high-NO chamber than the low-NO chamber due to the greater acidity of the walls. Particle wall 16 loss rates were not significantly different between chambers. Measurements of the particle wall 17 loss rates were performed by injecting ammonium sulfate (AS) seed aerosols into the chamber 18 and monitoring the decay over the course of 10 -24 h. Particles were injected via atomization of 19 dilute salt solutions (e.g., AS 0.06 M) through a 210 Po neutralizer and water trap. Measurements 20 of vapor wall loss rates were performed by injecting OVOC standards (e.g., IEPOX, HMHP, 21 etc.) into the chamber. Both particle and vapor wall loss characterizations were performed at 22 several RH conditions (4 -85 % RH). These characterizations have been described in more 1 detail previously (Loza et al., 2010; Nguyen et al., 2014) . 2
Organic compounds were injected into the chamber by two methods: (1) For volatile 3 compounds, a measured volume was injected with a micro-syringe through a septum into a clean 4 glass bulb and the evaporated standard was quantitatively transferred into the chamber by dry 5 purified air. Gas introduction of VOCs (done for isoprene and methacrolein) by filling an 6 evacuated bulb with the chemical vapor, backfilling with nitrogen gas, and characterizing with 7
Fourier-transform infrared spectrometry before injecting did not produce significantly different 8 results than volume injection. (2) For semi-volatile compounds, the solid or liquid standard was 9 placed inside a two-neck flask, which was heated by a water bath (35 -65°C) , and the headspace 10 was carried into the chamber by dry purified air. The ToFCIMS or TripCIMS instruments 11 measured the gas-phase mixing ratio of the semi-volatiles in real time as the compounds entered 12 the chamber, and injection was halted when a satisfactory quantity was introduced. OVOCs were 13 calibrated by the ToFCIMS and TripCIMS by methods described earlier (Paulot et al., 2009a ). 14 The desired RH inside the chamber was achieved by flowing dry purified air through a water-15 permeable (Nafion) membrane humidifier (FC200, Permapure LLC), kept moist by recirculating 16 27 °C ultra-purified (18 MΩ, 3 ppb TOC) water (Milli-Q, Millipore Corp). Particles were 17 atomized into the chamber as described for particle wall loss experiments. When hydrated 18 particles were needed for experiments, particles were injected via an in-line, heated, wet-wall 19 denuder into a chamber that has RH above the efflorescence point of the particular salt (Martin, 20 2000) . 
Experimental design 21
The experiments performed at FIXCIT can be divided into several categories, each 22 probing one or more specific science questions outlined in Section 1.2. Every experiment 23 included successful elements from past studies, but with a special focus on extending to 1 atmospheric conditions. One example is reducing the occurrence of RO 2 + RO 2 side reactions in 2 chamber experiments, which can lead to yields of atmospherically-relevant products that are 3 biased low. Enabled by the high sensitivity of field instruments, photooxidation was performed 4 with precursor mixing ratios as low as 12 ppbv. Certain instruments that required extensive 5 dilution in a chamber setting, e.g., LIF-OHR, had poorer-quality data for low-loading 6 experiments. Experimental durations were typically 4 -6 h, with the exception of overnight runs 7
where the majority of instruments sampled briefly to establish starting conditions, then were 8 taken offline during the nighttime and resumed sampling in the morning. The typical reaction 9 time for an overnight experiment was ~ 15 h. Experimental details are reported in Table 2 . OH 10 concentrations were derived from hydrocarbon decay data from GCFID, SRI-ToFMS, or 11
ToFCIMS, when available, using published rate coefficients ( The following types of experiments were included in the study: 14 a. Blank (Exp. 4b and 5b): Blank experiments were designed to investigate background signals 15 present in experiments that may have sources other than gas-phase chemistry of the injected 16 hydrocarbon, e.g., from heterogeneous oxidation of residual organics on the chamber walls. 17
OH precursors, such as hydrogen peroxide, were added to each chamber, the UV lamps were 18 turned on, and sampling occurred as usual. Further, the temperatures inside the chambers 19 were ramped from 25 to 35° C to explore the extent to which elevated temperatures change 20 the chamber background signals due to increased volatilization of organics. Blank 21 experiments were performed under dry conditions. The execution of these experiments requires precise engineering to closely simulate the 8 troposphere. One outstanding challenge of "low-NO" experiments is the variation in initial 9 NO levels across different chamber settings and on different days. Because typical HO 2 -6 s -1 ). Thus, the peroxy radical self-reaction channels are minor 5 compared to RO 2 +RO 2 chemistry. We estimate that the "low-NO" experiments were HO 2 -6 dominated by at least a factor of 10 in RO 2 reactivity by monitoring tracers of chemistry 7 stemming from high-NO (isoprene nitrates), high-RO 2 (C 5 diols and other products), and 8 low-NO (ISOPOOH and IEPOX) pathways. The molar yield of the low-NO products 9 ISOPOOH + IEPOX (measured within the first 15 minutes of reaction) was estimated to be 10 95%, supporting the dominance of RO 2 + HO 2 chemistry over other channels. The 11 structurally isomeric ISOPOOH and IEPOX that were formed from the HO 2 -dominated 12 isoprene photooxidation were distinguished by TripCIMS, and the sum was measured by 13
ToFCIMS, IACIMS, and NO 3 CIMS. These experiments were performed with isoprene, α-14 pinene, 4,3-ISOPOOH and MAC precursors. 15 c. High-NO photooxidation (Exp. 3, 11, 22, and 24): "High-NO" experiments are also 16 commonly performed in chamber studies. These experiments were designed to be relevant to 17 the urban-influenced troposphere, such as some cases at SOAS, where NO can dominate RO 2 18 reactions. Experiments were typically initiated by H 2 O 2 with added NO during FIXCIT, but 19 have been performed using HONO or other precursors elsewhere. It is easier to ensure that 20 reaction with NO is the main fate of RO 2, even with higher hydrocarbon loadings, because 21 NO mixing ratios are typically in excess of both HO 2 and RO 2 by hundreds of ppbv. Hydroxy 22 nitrate products were measured by TDLIF, IACIMS, ToFCIMS, and GC-ToFCIMS. 23 Functionalized carbonyl products were measured by SRI-ToFMS and ToFCIMS. Glyoxal 1 and formaldehyde, also important high-NO products, were measured by the GlyLIP and 2 FormLIF, respectively. This well-studied experiment was important for multiple reasons, 3 including calibration, diagnostics, and for determining the hydroxy nitrate yields from 4 alkenes within the first few minutes of photooxidation. However, it should be noted that the 5 experimental result represents a boundary condition that may not fully represent influenced reactions in the atmosphere due to the extremely short RO 2 lifetimes (< 0.01 s at 7 500 ppbv NO). These experiments were performed with isoprene, α-pinene, and the 4,3- The fate of HPALDs is not known, but has been suggested to be strongly influenced by 6 photolysis based on reactions of chemical analogues (Wolfe et al., 2012) . After the slow 7 chemistry period, 20 -100% lights were turned on in order to diagnose the effects of direct 8 photolysis and OH-oxidation on the product compounds, which is especially instructive when 9 coupled with photochemical modeling. Table 2 reports conditions only for the ≤ 1% light 10 period and the 20% light period due to availability of hydrocarbon decay data. When 11 CH 3 ONO experiments were performed with higher light flux from the start, the NO-to-HO 2 12 reactivities were still competitive but the OH mixing ratios were higher. These experiments 13
were performed with isoprene, α-pinene, and trans β-IEPOX precursors. 14 e. Ozonolysis (Exp. 6, 14, 23, and 29): Ozonolysis reactions were performed in the dark, with 15 and without the use of excess cyclohexane (50 ppmv) as a scavenger for OH (Atkinson, 16 1995) . Ozone reacts with isoprene and α-pinene with rate coefficients of k ISO+O3 = 1. We designed the ozonolysis experiments to have similar ozone-to-isoprene ratios to those 6 observed during SOAS (~ 5 -7), and performed the experiments under dry (RH ~ 4%) and 7 moderately-humid (RH ~ 50%) conditions. The ozonolysis experiments at FIXCIT primarily 8 focused on studying unimolecular and bimolecular chemistry of sCI that affects the yields of 9 OH, hydroperoxides, organic acids, and aldehydes/ ketones under humid vs. dry conditions. 10
These experiments represent the first coupling between direct OH observations from 11 GTHOS, aldehyde/ketone measurements from GCFID and SRI-ToFMS, online 12 formaldehyde measurements from FormLIF, and online hydroperoxide measurements from 13 the various CIMS instruments present to provide the most comprehensive picture thus far on 14 the humidity-dependent ozonolysis of isoprene. clean chamber and instruments were allowed to sample for ~ 1 h to cross-calibrate before an 7 oxidant precursor was injected. Both LIF-OHR and CRM-OHR were able to measure the OH 8 reactivity of these OVOC compounds individually, which aids in determining the known and 9 unknown OH reactivity in ambient environments. Table 2 ); (v) beta-hydroxy RO 2 radicals 23 formed from OH + alkene -tested with the photooxidation of 2-methyl-2-butanol and 1 compared with 2,2-dimethylbutane (2/2/14 and 1/31/14, not shown in Table 2 ); and (vi) heat-2 mediated decomposition of thermally-unstable species -tested by temperature ramping to 35 3 -40 °C inside the chamber. Often, single variables (like ozone or heat) were isolated by 4 incremental additions toward the end of an experiment. 5
The experiments not described in Table 2 (to test iv and v) were performed after the 6 formal experiments; thus, not all investigators were present. Only GTHOS, ToFCIMS, 7
TripCIMS, ToF-AMS, GCFID, O 3 monitor and NO x monitor were collecting data. The HO 2 
Analytical challenges 20
Throughout the campaign, several sources of analytical interferences or systematic 21 biases were discovered. Some challenges resulted from the integration of field instruments to 22 a chamber setting, where high concentrations of certain chemicals were used to engineer 23 extremely specific conditions. Thus, these issues do not affect ambient sampling. successfully in their laboratory study using SRI-ToFMS, resulting in a lower yield than 6 previously reported for MAC and MVK in the low-NO oxidation of isoprene. Field 7 application may prove more challenging, however, as the trapping is labor-intensive and 8 requires careful humidity control to avoid ice buildup and blockage. During FIXCIT, both 9 GCFID and SRI-ToFMS employed trapping techniques at various times to avoid biases in 10 the detection and interpretation of MAC and MVK data. 11
Preliminary results and atmospheric implications: Forthcoming papers will discuss 12
campaign results in detail. Here, we summarize a few interesting observations that appeared 13 to be robust based on preliminary data analysis of the laboratory and field work. 14  Nighttime chemistry of alkenes, as controlled by the NO 3 (Rivera et al., 2014) and possibly other OVOCs. The results from FIXCIT make a case for future synergistic integration of laboratory studies 20 with field campaigns, which maximizes the level of mechanistic understanding and data 21 confidence obtained from the combination of both types of studies. 22
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We acknowledge the collaborative efforts of FIXCIT participants (Tables  1   2 - derived from the decay of isoprene as monitored by GCFID. OH and HO 2 preliminary data were 4 provided by GTHOS, using chemical zeroing, although the steady-state value of (0.4 -1) x 10 5 5 molec cm -3 was below the detection limit of GTHOS. OH preliminary data were averaged to 6 reduce noise. NO data were provided by NO-CL and OVOC data were provided by ToFCIMS. 
